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SUMMARY /"_ _. _,'7._
¢

A c(,ntract for the National Aeronautics and Space Administration,

number NASw-670 has been granted to synthesize B4C whiskers and _e_ermine

their _.rength, crystal structure, and potential in forming high strength

composite materials. This is the :inal report of that contract.

B4C whiskers have been grown succes,ffuily both by evaporation

frcm pure B4C vapor and by a chemical methc,d based on the flow of appropriate

gases ._er a heated substrate. T_,us far, the best whiskers are being produced

by the former method. The largest whiskers grown to date average I cm in

length. The latest growth studies include con_binations of both methods in an

attempt to optimize the process as it is now used.

A major e[fort has been to me- _ure the room temperature properties

of a number of re]_resentwtive B4C whiskers. The strongest crystal to date

supported a stresz_ of 965,000 psi in tension. A modulus value of about

65 x 106 psi ha_ been determined. Studies on the morphology, orientation,

crystal structure, etc. of B4C whiskers have paralleled the streng'h and

growth work and i,s reported here. Thus far only the "A" type whiskers has

been found. Wetting studies conducted i ,oth vacuum and hydrogen atmosphere

served as a screening test in selecting a suitable metal for metal-B4C com-

posite fabrication. Feznico "5" was the obvious choice for future work. These

results will be described. Epoxy based composites have been fabricated and

tested in tension. A factor of four in strengthening wa,3 achieved with short

fiber reinforcement. A tensile value of Z4,700 psi was measured for a 10

volume percent composite. Up.reinforced epoxy averaged 6000 psi in tension.

A description of the experimental equipment used will be presented.

Included in this flnal report is a short history of whisker growth and their

propertie_ in general. The expected advantages whish could be realized

when B4C whiskers are eHectively utili.ed in composites are discussed.

,. ___,.._

V
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I. INTRODUCTION

The seveze thermal _nd stress problems assoaiate.d with space ap-

p}ications has limited large advances in the design and efficiency of engineerin

structural materials. A dire need exists for high _trvngth, high modulus,

li, ht weight materials for space structures. An approach to a solution of the

space materials problem s pertains to tension structures in particular,

would be the use of composite materials which could exhibit properties that

no single material possesses alone. It has been deduced (l) that significant

reduct__on in weight (as much as 80%) could result if ultra-strong filaments

could be utilized in a composite material. Experience has already been

gained with alumina whiskers:_ embedded in silver. Such composites have

been tested at 1600°F, which is 94% vf the melting point of silver, These

materials were found tn withstand an 82,000 psi tensile stress. _ arther

advance in high strength silver composites, as an example, could be achieved

if B4C whiskers were available. B4C combines a high melting point with a

high modulus of elasticity and low density. It therefore has a very high

potential strength-to-weight and modulus-to-weight ratio, greater than any

material previously considered. Pertinent data to illustrate this fact are

presented in Table I. In Figure 1 is presented a strength-versus-test tern-
(Z)

perature curve for ex-alumina whiskers as was determined by Brenner.

B4C , because of similar modulus of elasticity but high melting point, would

be expected to have similar ..oom temperature properties, but its elevated

temperature strength probably would not drop as rapidly. For example, B4C

whiskers should reta'_n significant levels of strength to nearly 4500°F° wherea

-A1zO 3 whiskers retain their strength to about 3700°F. Thus, B4C potential

offers substantiai improvemel (about 40 percent) over _-A120 3 as a material

for strengthening composites at high temperature.

Table I lists the der_sities, moduli of elasticity and melting points for

a number of refractory metals and compounds. As can be noted, B4C has the

highest modulus]density ratio ef any material listed.

*Naval Bureau of Weapons Contract NOw 60-0465d (lb)

1
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A. OBJECTIVES AND APPROACHES

1. Growth

The development of high strength B4C whisker reinforced compo._ites

cannot be achieved without an adequate supply of reproducibl 7 high strength

whiskers. Th_+efore, a systematic stud 7 of the growth parameters for this

---_ ...... _ .r_. ..... "¢_,- _,_n_n_rh ,_,_q that of studvin_ thematerial was t v,,_u_,_,_. ,..... v ....... rr- - . _

formation of B C whiskers by the two afore_naentioned vapor methods and a

combination of these. By far, the best B4C whiskers to date have been rna Je

us_.ng the pure vapor technique.

Although whiskers can be produced from the pure vapor, a process

based on a chemical reaction in the vapor state would be advantageous from

the standpoint of the lower reaction temperatures involved, higher deposition

rates (because of potentially higher operating pressures) and more precise

900

700

Figure I, Average Tensile Strength of a-AtzO 3 Whiskers
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control of the gaseous species. Therefore, the chemical method which in-

volves the simultaneous flow across a heated substrate of various gases

(containing the essential components necessary to produce the final stoichio-

metric B4C ) was studied. Because the dynamic methoa has many proct:ss

variables9 much experimentation would be required to e stablish optimt rn

growth conditions. Thus fa_ °, only lirnited success has been achieved.

Therefore, the pure vapor deposition method for growing B4C whiskers was

used as a means of accumulating a supply of B4C whiskers. This method

has been optimized so that enough whis_er s are grown with each run *.o make

one or two micro-composites.

A third method studied was the combination of the dynamic and pure

vapor techniques. Such a combination could be useful if nucleation in t_.

dynamic system is difficult and specific impurities in the pure vapor method

are important. N_ definite conclusions were arrived at with more work on

this approach being contemplated. The strength characteristics of B4C

whiskers as a function of such varlables as whisker orientation, diameter,

temperature, etc. are necessary in order to predict composite strengths

and to eventuaZIy fabricate strong useful composites.

2. Strength

Strength studies have be_n pursued with the objective of measuring

the tensile properties of B4C whiskers at room temperature. Since size,
#

orienta*ion _nd perfectson effects can be expected, the approach has been to

test random specimens of varying concentration and length, The tested specimens

are then classified by metallo_raph4c and x-ray techniques and the variables

in structure which are detected are correlated with s_rength data.

_. Structure
i i

Studies on the morphology, orlentationp crystal structure, etc. have

eupported and extended the strength studies and also add _o our basic scientific

Imowled3e of fibrous composites. Former tensile specimens have been

claesifled as to orlentati_n, structure, parfection, etc. by the utflizatlon of

techniques such as electron microscopy, etc.

4
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4. Compositc Studies

The final objective is the fabrication of composite structures con-

taining B4C whiskers. The goal of the composite study is the utilization of

strong whisker components into large useful structural members. It is the

phase which can justify the interest and work expended in this field and

carries with it the promise of future super-tailor-made materials. Wetting

experiments have been performed ubh_ the _s_e-- - technique for _,_c._^"-_'_...1.....g

the wetting properties of various metals on bulk B4C, These studies are

necessary in order to choose a metal matrix material which can bond well

to B4C without harmful reactions taking place, Also some micro-composites

have been fabricated using an epoxy-based plastic containing B4C whiskers,

The present effort has been successful in growing B4C whiskers

routinely, The whiskers are of sufficient size so that handling _or subsequent

strength and composite studies has not proved z difficult task, Individual

whiskers have also been _tu_"-ed metallographically utilizing high optical

magnification and electron microscopy _.nd applicable x-ray techniques, A

smaU number of composite structures of B4C whiskers in epoxy resin have

been fabricated and _ested,

1965003681-012



II. WHISKER BACKGROUND

It has been demonstrated that the reinforcement of a metallic matrix

is possible through the use of non-metallic whiskers. There are several

properties of whiskers which make this possible. Foremost is their phenomenal

strength and relative}y low density. Values of tensile strength may be as high

as 6 x 10 6 psi depending upon the element or compound considered.

A. THE NATURE OF Wh",SKERS

A scientific curiosity for many years_ the filamentary crystal (whisker.)

is now being evaluated as a potentially useful structural ntaterial. Silver hairs

which are whisker-like growths were reported by Ercker (3) in 1574. It is

interesting to note that the descriptive nomenclature for fine, hair-like crystal

forms--whiskers--is somewhat un#cier_tlfic but most appropriate. The dis-

covery by Gait and Herring (4) in 195Z that tin whiskers possessed tensile

strength approaching theoretical values (strength values unattained by crystalline

materials prier to this time) took the whiskers from the mineralogistts curio

box to the laboratory. The interest generated in whiskers has brought about

much valuable knowledge and many contributions to the fields of crystal growth

mechanisms and of the strength of solids.

A distinction can be made between whiskers according tc their origin.

Whiskers can be grown from a melt; from supersaturated gas phases; from

supersaturated liquid phases; from solutions; from chemical decomposition;

by electrolysis or by growth from the solid. The "proper" whisker grows by

the migration of atoms to the whisker base without passing through another

phase (solid - phase growth). "Proper" whiskers are believed to form by

surface migrations or the diffusion of atoms along a dislocation. Although

many of the above modes of growth do not produce whiskers without phase

change, the crystal perfection, defect structures and properties can be

similar. A discussion of the many systems which produce "proper or other

whiskers together with postulated growth mechanisms is not contemplated

here, although many such studies and reviews are presented in contemporary

scientific literature.

6

1965003681-013



The morphology or form which a whisker .nay take can vary greatly.

Shapes described as "kinkedt',"spiralled", "t_visted", '_hollow'v,etc have been

rcport_-d. However, the hi_zh st'_'_nItth whiskc_rs of tz_ost pr,,cti,:,,l interest arv

solid an',! str_:_.,ht, \villa a l,,r_" len_lh-to-d_am_:ter ratio ,,m.l ,t hl,_h de_rc¢,

of surface perfection. Whisker diameters can vary from submicron size to

many thousands of microns and the whiskers ma_- be many centimeters in

_^-~,_. _,-+ ...,,;obo,.o are =i,_gl,, crystals wlth th#i_" princlp;,! geometric

axis parallel to a prominent crystallographic direction.

Most tensile strength determinations have been made on straight

specimens. In general, as seen for alumina whiskers {Figure Z}, the

strength of whiskers increases as the whisker diameter decreases. The

strength of whiskers has been found to be 100 to 1000 times ._tronger than

larger bulk crystals ot the same composition. One prominent theory of

whisker strength is dependent on the degree of crystal perfection possible in

such micro-crystals. Variations of strength between whiskers can then be

rationalized by postulating slight differences in crystal and surface perfection,

purity, surface films, etc.

Studies on the growth and properties of whiskers is a subject of much

current interest. Much data are being accumulated but the variations of

growth systems and growth conditions appear endless, so a great des] remains

to be learned regardin_ the kinetics and mechanisms of whisker growth.

However, _tadies are being conducted to investigate process variables whereby

whiskers can be grown in sufficientquantity and quality.

B. GROWTH OF WHISHERS

I. Growth Mechanism

A widely accepted mechanism of whisl-er growth is attributed to

Sears(5). By applying the dislocation theory of crystal growth (6), he pro-

posed that whiskers contain a screw dislocation along the crystai axis which

emerges at the tip. The whisker extends in length by the addition of atoms

to the protruding terminal of the screw dislocation while maintaining smooth

lateral surfaces. The Sears hypothesis contains the following criteria

1965003681-014



Figure 2. "Relation Between Tensile Strength and Cross-

Sectional Area of cr - AI20 3 Whi_kers
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(a)that only one screw dislocation is present parallel to a major crystal

axis and (b)during growth, the crystal is unable to n_cleate new layers on

its lateral surfaces due to insufficientsupersaturation of the vapor.

Sears (7) has shnwn that the critical supersaturation criteria is valic

for the ,rowth of whiskers, from the vapors of the following materials:

mercury; silver; zinc; cadmium; and calcium sulfide. Indirect evidence of

the presence of screw dislocations within various whiskers has been pre-

sented by others, most notably by Webb and Forgeng (8) for alumina whiskers.

There are, however, many experimental observ;, ons which are

inconsistent with the Sears hypothesis. Notable among these are (a) the

need for specific surface activated impurities toproduce small diameter high

surface perfection whiskers _'9),"(b) the presence of steps on the surfaces of

the whiskers as indicated by their tapers and overgrowths (9) and (c) the

absence of the elastic twists in most v,nisker materials as would be required

for the presence of zxial screw dis!ocation(10). The presence of steps

suggests that their generation is not the rate limiting pro_css in their growth

and the absence of the elastic twist would require a much more elaborate

dis!,,cationnetwork if dislocation growth is involved. Additional critical

experiments will be required before the exact mechauism of whisker growth

from the vapor can be understood.

The growth of B4C whiskers in the present study was accomplished

utilizingthe technique developed by Sears for his studies of growth mechanism

The essential features of the growth experiments are divided into two

approaches; namely, (I) growth by the vaporization of hulk B4C and (2) growth

by the dynamic flow of gases containing the atomic species essential *.othe

formation of B4C. There are otb,_rmethods which coulC conceirably be used

to grow B4C whiskers.

C. WHISKER APPLICATIONS

Refractory inorganic single cryst_tl whx,Jker materials have such

phenomenal strength and t;_ermal stability at elevated temperature# _hat.

depending on cost and availability, they will probably find many application_

9
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in zockets and missi_es, nuclear reactors, supersonic jet aircraft and other

types of military weapon0 and space vehicles (it is not intended to imply that

military applications would necessari/y be the only potential for whiskers).

The main pot_,_tinl use for whiskers is for the reinforcement of metals, plastics

and ceramics for both to,v and high ternper,-ture applicatio1_s. Certain whisker

materials, such as the refractory oxides, are usable as heat insulators; other

whisker materials may qualify as special liquid and gas filter's, and fo_ use

in instruments. With whisker composites, it appears reasonable that structural

materials may be developed which posse ,s an order of magnitude incretse in

tensile properties compared with the best materials available today, (£or

use in both ambient and elevated ternperA ture applications). Critical ap-

plications other than those of reinforcerner, t may some c,ay also become

important, if the -roblems ¢I availability and cost are solved.

I0
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III. EXPERIMENTAL PROCEDURES AND REbUt,TS

A. GROWTH STUDIES

I. Description of Equipment

Two high temperature resistance heated vacuum furnaces with

subsequent modifications have been used on this program. These furnac,;_

are of a unique design that provides long, very uniform (with ._ 5°C) hot

zones at temperatur,,,s up to 2400 C.

The larger of these two furnaces (Figure 3) has a hot zone 4-I/4"

in diameter by 9" long and the furnace is pumped by a 50 c. f.m. Welsh

Model 1398 mechanical pump. This pump can evacuate the furnace to a
-3

pressure of less than I micron (I0 Torr) as monitored by a Pirani gage.

The graphite heating element of this furnace is operated at low voltage and

high amperage by a combination of transformers controlled by a saturable

core reactor. The element is Insulated with graphite feit and the enti=e

outer Jacket of the furnace is water cooled. Two quartz viewing ports, one

on the top and one on the side of the furnace, allo%_ observation o f the inside

of the furnace and the outlide of the heating element respectively. The

temperature is monitored with an optical py: ometer.

The smaller of the two furnaces (Figure 4) has a _ot zone 1-3/4" in

diameter by 7" long, and _-s pumped by a _ c.f.m. Welsh mechanical pump.

This iurnace is similar to the one described, excep_ that it is smaller. The

small furnace i_ pr.,,,ided with rotometers, valving and manifolds to allow

combinations of gases to be admitted to the furnace during operation. It

also has a high temperature boiler pot to facilitate the introduction of less

volatile compounds to the furnace.

An adapter was later designed and constructed so as to provide for

ttt_ stacking of two small vapor deIx)sltion furnaces one on top of the other,

(Figure 5) with a continuous deposition tube extending through both units.

This arrangement allows for the operation of two distinct nine inch tem-

perature zones with a minimum of transition temperature area. At first
t

this furnace was plagued with a distinct narrow cold zone at the transition

8
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point between the two heat zones, however improvements of the internal design

have greatly minimizec_ this pr,,blem. This furnace permits close control of

temperature and pressure paran:eters neces..,ary to the experimental studies•

- ----L i- *---- _ _- -- ,- 2 - "_.,-',_N

-. 2.2

t f - ' >. ,a__ I

' A

4,

q

_ " 2.. _

Figure 5. Stacked Furnace Assembly.
(about 1/8 actual size)

Z. Growth of B4C Whiskers

The furnaces described above have been in constant u_e on the in-

vestigation of boron carbide whisker growth• Three grow:h methods have

been partially evaluated: (1) the pure vapor method, (Z) _ modification of the

pure vapor method utilizing a carrier gas, (3) and the chemical method,

13
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a. The Pure Vapor Method

In this method boron carbide is vaporized, and then recondensed in

the form of whiskers. The first configuration used with this method utilizes

at the bottom of the large furnace, a l'jinside diamete- by 3/8" deep AT3

graphite cup filledwith boron carl_de pov.der {Fisher Scientific Co., -320

mesh} placed on a pedestal 2 inches into the hot zone. An ATJ graphite

deposition mandrel {Figure 6) 3" in diameter by 9" long reduce<: to a I-3/4"

diameter by 5-I/4" long chimney was placed over the cup in the furnace. The

chimney section extends out of the hot zon? and hence provides a temperature

gradient at the upper end of the furnace. Typically, when the furnace is

operated at 1900°C, the temperature in the bottom one inch of the chimney

section is 1700°C thus providing a cooler area for the deposition of the B4C

vapor {evaporated at 1900°C). During a typical run in which B4C whiskers

are grown, the furnace pressure is approximately 75 microns. The effect

of temperature on the growth process is critical. A fiftydegree change in

furnace temperature can appreciably alter the length and population density

of the boron carbide whisker product. The original vaporization crucible
Z

(2.5 crn diameter) provided approximately 5 cm of vaporization area. A

new boron carbide _'crucible"was constructed from ATJ graphite in the form

of a "Lazy Susan", that is, six concentric trays of diminishing diameter

were supported on a central rod of graphite {Figure 7). This provided a

crucible area of 80 cm 2 for the vaporization process. Micron lengths of

boron carbide whiskers were obtaineJ in using the origh._l crucible, while

whisker lengzbs of about one millimeter were obtained in vsing the new

crucible. A second, fifteentray "Lazy Su_,an" {Figure 8) with a tray area
2

o! approximately 180 cm was constructed which now filledmost of the

vaporization section of the furnace.

The optimum furnace conditions at present are: 5 hour duration

furnace heats, with a temperature of 1900°C in the vapo,'ization area and

approximately 1700°C temperature in the whisker deposit,on ar_:a. Physically

the "Lazy Susan 'ti._supported I-I/Z" above the furnace bottom allowing the

H

14
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Figure 8. Large "Lazy Susan" includingMain Deposition
Mandrel with AdulatorRing - ActuRl Size.

16
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top two trays of b_ron carbide to extend into the chimney section of the

_ieposition tube. Figure ? shows whiskers on the edge of the adapter ring

of a deposition m_ndrel. The growth region extends approximately four

centimeters into 1_.he chimney of the deposition mandrel. By increasing the

aznount of B4C placed in a large "Lazy Susan" type materia_ tray from ap-

proximately Z0 grc. to more than 70 gins in present runs and by _sing the

large vapor deposition furnace, the population density and the average length

of the B4C whiskers produced hss been greatly enhanced. For example, the

maximum whisker lengths have _._creased from 5 mm to _ Z0 rnm as a result

of the increased amount of B4C "L_zy Susan" trays. Figure I0 shows a

typical growth in _ section of the deposition area. Optimum furnace conditions

have remained "_he same, (i.e., 5 hours heat at I£00°C in the vaporization

area). An increase in whisker length can be obtained by increasing the run

time in t'.le large f'_rnace to 7. S hours, however, this produces surface o-.er-

growths on a significant number of whiskers. Figure 11 sho_vs an example

of such an overgrown whisker.

An AT5 graphite "Lazy Susan" shown in Figure 1Z to_ether with the

double length reaction tube, was constructed for the stacked furnace. When

toaded with up to 15 grn of B4C powder this furnace grows the same quality

of whiskers as the large furnace. For a time, due to the short cool zone

existing at the junction of the heating elements, aU the whisker growth

occurred at the point of lowest temperature so that the vapo_ did not reach

the upper furnace. This is well illustrated in Figure 13. Afte : modifying

the furnace design, the cool zone was virtually eliminated and Whisker

growth proceeded on upward into the top fllrnace. The supply of ]_4C v_por

prov_4,_d by the "Lazy Susan" is inadequate, however, to produce many long

whiskers over such an increased area in a reasonable time. Although

similar results have been obtained in both furnace geometries (i. e., large

furnace vs. small stacked furnaces), the operating conditions are not

identical. The small furnace requires a temperature of 2100°C in the

evaporation zone compared with 1900°C in the large furnace. Deposition
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Figure 9. Boron Carbide Whinkvrs on Deposition Tube

Adaptor Ring - 5X.
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Figure I0. Typical Growth of B4C Whiskers at 25X.
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zone temperatures do appear to be similar, however, and ar,..i_pro_rr,._t_.l_

1700°C. Recent experiments with the modified method of .,.__:dtior, using a

carrier gas suggest that the deposition temperature in the stackeJ furn_tce

sl,ould be lowered slightly.

b. Pure Vapor Method with Carrier Gas

Since the supply of B4C vapor by vaporization under a vacuum was

4,_..1_...___.__..__..-.rn"eh,,........g_.n_h..........nf lnng ,,hinkpr._ over a large area•, in the stacked

furnace, it was decided to try to improve the vapor supply by runn_ a

small flow of hydrogen as a carrier gas through the furnace._ A number

o5 carrier gas runs have been made and the population and length of _'hiskers

in the deposition section of the stacked furnace has been greatly improved,

although deposition in this large region still provides whiskers of sub-millimeter

length. Five hour runs with a temperature of 2100°C in the bottom fur_ace

section and IbO0°G in the upper furnace section with a hydrogen flow sufficient

to maintain _ furnace pressure of 800_ have produced the best results ¢o

date. Furt_r improvement is expected through optimization of furnace

conditions combined with longer growth period.

c. Chemical Meth._d

The chemical method depends on the production of boron carbide in

situ from a gas phase reaction such as:

4BCI 3+ CH 4 + 4H 2 -" B4C + 12HCf

A I" diameter by °o" long ATJ graphite deposition mandrel is placed

in the small furnace and varying flows of boron trichlc.ide (Matheson -

Technical grade), methane (Mathvson-Commercial grade), and hydrogen

(Burdett Oxygen Co. - 99.5%), are passed through a furnace at temperatures

ranging from 1500-1900°C and at pressures varying from 12 mm down to as

low as 18 microns. At the higher pressures and flow rates, anisotropic

blades of boron carbide were obtained.

*Under vacuum, the furnace pressure during a run dropQ from a high of

approximately 200_ to a low of approximately 5/_ , thus the pressure is too
high to provide molecular flow and a maximum rate of vaporization.
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Several runs have been made us;ng the dynamic chemical method of

gas phase vapor deposition. The feed materials to the stacked furnace were

boron trichloride, methane and hydrogen. Flow rates and temperature_ have

been varied in an attempt t'_ establish the proper growth environment. As

yet only poorly characterized whiske_ s have been observed.

B. MECHANICAL PROPERTIES OF B4C WHISKERS

The determination o_ the tensile strength and elastic modulus of B4C

whi_kers was initiated in January, 1964, Since then, app2oximately 17

specimens from eight baltches have been tested. _.II the data to date ire

shown in Table IL

Testing was performed on a T_cam Micro-Tensile Testing Machine,

manufactured by Tochne, Ltd., Cambridge, England. The machine, based

on a design _y D. M. Marsh, has been previously described(l" 1}." Briefly,

the machine is of the rLult-balanc_ type using a torsion balance to appl_r loads

and a mirror autocollimating telescope system to detect extension. Loads

between 1 milligram and 400 grams can be applied, and extensions of about
-5

l0 mm can be detected,

Although the tensile machine itself is very accurate, in practice the

accuracy of strength and elastic modulus values are limited by two factors;

area determination and grip deformation. These limitations are discussed

in more detail bellow.

1. Area Deterzr nation

The most direct way fo ttetermining the cross-sectional _tre.i of a

whisker after tempting is to retrieve the broken specimen and measure the

fracture area directly on a high magnification microscope. This v. as the

primary method used in this investigation. Typical cross-sections are

shown in Figures 14 and 15. Triangular cross-sections were observed

unambiguously in only two cases; the l_trge majority of whisker cruss-

sections were parallelograms.
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Figure 14° Fracture Surface of B4C Figure 15. Typical Fracture
........ A .... Face ^_ T ^_'^-_

Failure - 583X. B4C Whisker - 584X.

The pormal metho.:! of measuring the area after test is to photograph

the fracture face at a known high magni_icatio,_, cut out the fracture area

from the photograph and weigh it. The area is calcutated by making a

comparative weighing of several one inch square specimens cut out from

the same photograph. The difficulty comes when thefrac_ure is not per-

pendicular to the specimen axis. In this case, additional measurements

must be made of the specimen by photographing the sides, with the attendant

troubles of light reflection and the uncertainty of the locati..'n of the major

dimensions. It is estimated that an error of about -* 30% is present in the

fracture areas determined to date by this method.

Metallographic techniques were investigated to more precisely

measure the fracture area. Several specimens were mounted in a cold-

setting clear resin, and ground and polished down to slightly past the fractur

surface. One such section is shown in Figure 16. In this particular case,

the metallographic method gave an area within 3% of the fracture surface vah

In another case, a 40% discrepancy was observed. It may be pointed out

that the metaliographic method may also yield ambiguous results. This

comes about because of chipping of the mount near the specimen, which

makes it difficultto measure the area. Several additional fractured

specimens have been potted and will be examined.

Z. Grip Deformation

Although the testing machine is fundamentally capable of pro-

ducing very accurate force-extension curves for small specimens, its

E5
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accuracy is limited in practice by shear deformation of the diphenyl carbazide

glue holding the specimen to the anvil. A crude and elementary analysis of

Ef_

thie behavior is shown in Appendix A. Using a valueof G - 4000,
P

Figure 17 v,aa constructed. While 5 points are outside of the scatter band,,

it would seem that equation (I A) in Appendix A is at least qualitatively

correct. The voints outside the **_-. sea .... band probably indicate excessively

large experimental error, but may represent whiskers of a different orientation

and hence of a different elastic modulus.

Another geometric feature of whiskers that may lead to error s in the

computed elastic modulus isth_taper present in most whiskers. As shown

in the Appendix, this effect is not large unless an extremely tapered whisker

is tested. These types are rejected upon initial examination with a stereo-

microscope.

Strength data obtained to date as a function of area ace shown in

Figure 18. The scatter observed is partially due to the difficulties associated

with the area measurements, as previously discussed. In addition, batch

variations and variations of whisker quality within a particular batch are

undoubtedly responsible for a considerable portion of th_ observed experi-

mental scatter. The estimated mean line "through" the data points must be

considered extremely tentative. Indeed, little justification except for past

work on ¢x-AI20 3 whiskers exists for drawing the line with a negative slope.

Co CRYSTAL AND MORPHOLOGICAL CHARACTER OF B4C WHISKER5

The purposes of this phase of the program have been: (a) to verify

that the filamentary crystals (whiskers) which were produced were B4C;

(b) to establish whether they were poly- or single-crystals; (c) to determine

their crystal habit or orientation; [d) to investigate their morphological

character in terms of their perfection and; (e) to correlate the above findings

with controlled variations in production techniques and with the observed

tensile strengths of the whiskers tested. It was believed that this approach

* E ffi Ela_tic modulusof Fiber (psi), G : Shear modulus of plastic.
P P
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Figure i6. Cross-Section of MGunted and

Polished B4C Whisker - 1210X.
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Figure 17. Relation Between Measured and Calculated Elastic Modulus.
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would aid in the optimisation of process variables in order that stron B B4C

whiskers could be produced routinely.

In ali but the very first cases, independent cf the production run,

whether the whiskers were examined individually or ground together to

produce a powder, and, then examined, x-ray diffraction confirrr, ed, that

the whiskers were single phased B4Co Only from the earliest pure vapo-

phase _roduction runs, belore the optimization of the process parameters

were be,gun, was there evidence of a second crystalline phase present. The

presence of a second phase, on the x-ray diffraction photographs, was

manifeste,i in a medium intensity diffraction line not belonging to B4C and

which arose from a reflection from a family of crystalline planes which had

an interplanar separation, d, of 3.36_. Subsequent electron microscopy

and electron diffraction investigations revealed that B4C whiskers from these

early production runs were coated with a thin graphite film. And indeed, the

3.36._ interplanar separation is accountable as the (002) spacing of _raphite.

In Figure _-9 is presented a powder x-ray diffraction photograph produced

from pulverized B4C whiskers obtained from a typical early run. The arrow

on this photograph indicates the position of the (00Z) °reflection° for graphite,

the remaining lines in this photograph, have been shown to belong to B4C.

(00Z) graphite

I ........... : --"_'--- _ ......................

*° J o ..

• - I

t

0

Figure 19. X-Ray Diffraction Photograph From B4C Whisker Specimens
(Cu Radiation, 57.3 mm _ Camera).
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In Table HI are presented the x-ray diffraction data as obta_ncd from the

photograph in Figure 19. In this table, the _.xpelirment_.1 data is compared

with the published data (1 Z)
on B4C.

The excc.ilent agreement between the e_:perimental _-ray data and

the published or reference data for B4C i_dicates that the whiskers are B4C.

The additional medium intensity line (see arrow Figure 19) _'_th d = 3.36_

can be indexed as the (002) reflection for graphite (d002 graphite : _. 37_).

The fact that graphite appears to be present is in agreement with the before

r:_entioned electron diffraction observations.

Electron diffraction and x-ray diffraction examination of individual

B4C whiskers, when the whiskers were produced by the mezhods described

in this report, showed that they were single crystal. The single crystal

character of _e whiskerz is evidenced by the nature of the diffraction

patterns which they yielded. For example, the regular spotty nature of the

selected area electron diffraction photograph of Figure Z0-b, produced from

the region of a B4C whisker shown _v the transmission electron photomicrograph

of Figure 20-a, indicates its single crystal character.

Analysis of rotation, or layer line, x-ray diffraction photographs

zevealed the-_oll6win_, facts about the B4C whiskers* which were obtained

from th_ earliest production runs: (a) since the diffraction spots were not

sharp, that the ,vhi3kers possessed imperfections and; (b) that the characteristic

repetition distance along the principal growth direction was 5. Z_. The

literature (12) indicate_ that B4C has an hexagonal str_,ctu-e with the following

unit cell dimensions: a = 5.61_ and c : IZ.07_. Therefores since the
O

characteristic repetition distance along the major whisker axis was found to

be 5. Z_, the major axis was obviously not parallel to either the _a_ or the

_c _ hexagonal crystallographic directions. I_ the Miller indices (hkl. }, where

h, k, _ are based on a hexago_al unit cell, obey the rule: 1/3 (-h _, k+ _ ) -

an integer, then a rhombohed_ al unlt cell may be used to describe the structure.

*Note: The laverage _ whisker size from the early runs was about 0.7 mm

long with a cross section of about 0.01 mm x 0.04 ram.
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TABLE !II

X-RAY DIFFRACTION DATA FROM

BORON CARBIDE WI_SKERS

COMPARED WITH STANDARD DATA FOR B4C

From Diffraction From ASTM Card

Photograph from Figure 19 for B4C (Card 6-0555}
O O

I d(A) I d{A) (hk_)

m 4.47 30 4.49 101
ms 4.05 40 4. v_ nn_.v_

s 3.78 70 3.79 012
ms 3.36 ........

vvw 3.20 ........

w 2.80 30 2.81 110

vvw 2.61 ........

vs 2.57 80 2.57 104
vvs 2.38 100 2.33 _,/1

vvw 2.31 I0 2.30 I13

m 2.08 10 2.02 006

vvw 1.81 10 1.82 211

mw 1.71 30 1. 714 205

...... I0 I.637 116

...... 10 1.628 107
mw 1,, 50 20 1. 505 303

m 1.46 30 1.463 125

m 1.44 30 1.446 0,8

m_ 1.40 30 1.40"_ 027
,_v 1.36 ?.0 1. 345 009

w 1.33 ?0 1. 342 131

w 1.31 ?.0 1. 326 223

vw 1.28 '.tO 1. 286 ?.08
w 1.26 ?.0 1. 261 306

w ].19 ]tO I. 191 042

I :: relative in, tensity; w • weak, m = medium, s = strong, v = very

Note: B4C is hexagonal, a o -- 5.61A, c o = 12.07A
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_ (_L)

_gmfication 1 1,000 X

(b}

Figure 20. Transmission Electron Photomic:rograp_ vf a Typical B4C
Whisker (a) and an Electron Diffractivn Pat :ern of Ithe

same Whisker (b)
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This is the case for B4C. Wyckoff (13) offers the _ollowing rhombohedral unit

cell parameters for B4C, ao = 5.19_ and _ = 66°18 '. Hence, the principal

whisker axis, for which the repetition distance is 5. Z_, is parallel to a

rhombohedral unit cell edgL. Considering the vector repetition d_stance,

p = ua I _ va_ + wc 3, where als a 2 and c are the hexagonal unit cell edge

lengths it can then be shown that any diffraction spot on a layer line dif-

fraction photograph must obey the relationship: uh + vk + w_ = m, where

liue photographs then showed that these B4C whiskers had their long axes

p_rallel to either the 1/3 (-a 1, a 2 + c) and/or the 1/3 (-a I -2a 2 + c-),

rhombohedral unit cell edges. The above analysis concerns oniy those B4C

whiskers which were obtained from early production runs.

During later production of B4C whiskers, through refinements in the

growth procedure, longer whiskers (c. a. 2ram and longer} were znade

available for study. X-ray diffraction again re_ealed that these longer whisker

were single phase B4C and single crystal fibers. However, unlike the early

whiskers in which the major whisker axis was found to be parallel to a

rhombohedral ceil _ ]ge, the later whiskers were all found to have their

major axis oriented parallel to the 'a' hexagonal cell edge, i.e., parallel to

the (I00) crystallographic direction.

In Figure 21 is shown an enlarged (2.2X) portion oI: a.n indexed qayer

line _ x-ray diffraction photograph which was produced from a typical B4C

whisker obtained after optimization of the growth process, The well defined

spots indicate the single crystal character of the specimen. From xneasure-

ments made on the separation distances of the qayer-lines _, YI' and YT' _n

the originaldiffraction photograph, and from a knowledge of the waveIen_th,

k, (X = 1.5405_l _or CUK_l, radiation)and radius, R, of the cylindrical

dirt!faction carr_ ra, the repetition distance, p, along the axis of the fiber

(crystal rotatiort axis) was obtained from the easily derived relationihip:

z z l/Z
p =mX (I + R IYm ) '

where m - the lawyer line number, m = 0, I,Z,_......
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Figure _1o X-ray Diffraction Photograph (_. ZX) of a Typical a" Type

.- B4C Whisker.

It was thus determined that the repetition distance in all the long whiskers

examined was 5.60_ • 0.0ZX. This distance compare.,, v__ry f_:-_rabiy with

the literature (I_) value for the h:ngth of the a-crv_:-2._ographic edge c_f the
O

hexagonal unit cell of B4C _ ao = 5. blA. Hence for these whiskers thee major

whisker axis wa_: parallel to the a-crystallographic direction, /100} .

Because of alignment problems in the x-ray apparatus due to the small

_lime_sions of the whisker cross sections, the external faces of the B4C

whiakere have not yet been positively identified. However by making

irdere:_ces from the morphological character of typical overgrox_h structures

on wk.isker surfaces, from optical and electron photomicrographs, and from

the knowledge that the major growth axis is parallel to the °aU cry seallographic
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_lirection. one is led to believe that one pair of whisker faces are probably

of the (00_. j type while the two others are probably of the (Ok_) type. In

Figure 22 is shown a schematic reu, esentatlon of the types of overgrowth

which have been obser,-ed on the surfaces of 'a' _ype whiskers. The (00_)

face is labeled as is t::e (0k0) face. Both a I and a? of the hex,_gonal unit cell

ar_ p_rallel to the face of the whls_er on which the overgrowths are shown,

the (00_.) face. Since the a I direction is parallel 'co the m_jor axis of the

wn_s_er then Lh_. "- " x_ortz_l Lu the ...._- " _-

n = ± l.Z, 3,._.., tbis plane is also indicated in Figure 22.

HEXAGONAL
UNIT CELL OF B4C

at: a2=5.61 A°

C -- !e,_ /',c'p A@

• n,o)_

- ._OlRECT ION

Figure 22. Schematic Representation of Typical Overgrowths Observed

on B4C Whiskers. (Also Refer to Figure ll).
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Results of Crystal and Morphological Characterization of B4C Whiskers.

(a) Every whlsker examined by x-ray diffraction methods, independent

of the production run from which the whiskers werz randomly chosen for

examination_ proved to be B4C. Only from the earliest prod,_ction runs,

before optimization of process parameters, was a second crystalline phase,

graphite, detected.

(b) B4C whiskers grown from the pure vapor phase are generally

single crystal

(c) In all later runsp after optimization of process variables, the

resulting long whiskers (c. a. 2rnrn and longer) were found to have their

major axes parallel to the a crystallographic direction* (based on an hexagonal

t.nlt cell)o The short (c. a. 0. 7ram in leT_gth) whiskers obtained from the

_._rliest production runs were found to have their major axes paraUel to

the rhon_bohedral unit cell edges, 1/3 (-a I + _Z + c) and/or I/3 (-a I -2a Z + c).

(d) The _,hiskers were observed to have surface overgrowth

structures*. This anomalous structure was found to be severe in weak

crystals a_ v_ry mild in strong ones.

Experimental procedurei, which were found useful in the x-ray and

electron microscopy investigations of B4C whiskers are described in the

Appendix of this report.

D. COMPOSITE STUDIES

It has been shown by Jech _.nd Weeton (14} that short _ibers can

strengthen a relativ-.ly weak material through the mechanism of stress

transfer from fiber to fiber through the matrix. The imFortant variables

in composite theory then are ideally the strength of the fiber itself, the

volume fraction of fiber in the composite and the length-to-diameter ratio

_-I_ote: Although the small cross secticnal _,ize of the availabl, whiskers

(5_ 2 to !_00, 2) precluded positive x-ray ider_ification of the well formed!

external crystal faces, the form of the oyez growth structure on these faces
along with a knowledge that the whiskers were of the 'a' type, enabled an
inference to be made that one pair of external crystal faces was possibly of

the (00_.) type. (The (00_.) plane is parallel to the basal plane of the hexagonal

unit cell of B4C ). On the basis of this inference, four possible quadrilateral
cross sections were postulated.
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ol the fiber, Of n,a.ior ir.pc, rtance aside from strength and geometric factors

is the nature of the interface between the fiber and its surroundings, Withoct

proper u'onding (wetting) there can be no transfer of stre_s _r_:,_ _"...___-_ f:.bcr.

Accordi.ngl¢, initial wetting experiments for ._. ao.l.ce of metal rr, .. ix materials

for :omposite_ have been directed toward the study of the wetting of bulk B4C

by tn,, following Inetals: Fernico 5, nickel, gold, silver and copper° The

wetting aLility of liq,_ids on solids can be described by the contact _ngle
o

"llustrated in Figure ZS, Wetting can thus proceed from no wetting (99

contac', angle) to complete wetting (0 ° c._ntact angle). The results ¢;f tbpse

studies are ghown in Table I'/ and Figures Z6 and 37. Figure 26 shows the

wett'ing of the above metals (from left to right in that ,_rder) in hydrogen

atmosphere heated at the temperat_res and times tabulated in Tab!e IV.

Figure 27 of sessi!e drops of nickel, copper e:_d Fernico 5 shows a more

sophisticated approach utilizing a sessile drop apparatus described elsewhere

by Sutton (15). The wettln_ angle of 30 ° for. Fernico 5 in vacuum is indicative

of good wetting, Future rnetal-B4C composite work will utilize Fernico 5

matrix as an initial choice.

Studies of epoxy by colnposites were also initiated, The fabrication

of resin, based composites do not present as complicated _ problem when

compared to metal based composites, since wetting is excellent and processxng

temperatures are not high. Composites were mad_ utilizing PJ-.12_* (17)

epoxy resin and various B4C whisker batches as designated in Table v. The

techialque is essentially that developed by Jakas (16) for forming AIzO 3

whin'.x¢i--epoxy composites. The B4C whiskers are packed xnto glass capillazy

tubes and then infiltrated with the epoxy. An as-filtered sample of B4C

whiskers, still in its glass capillary tube is shown in Figure 28. Specimens

fabricated in this manner have approximate diameters varying between . 01

and .0_- inches. The packed infiltrated capillaries were then cured by heat

at 180°F for about 16 hours, The glass sheath was next removed by dissolving

P.1-122 - a resorcinol diglycidyl ether colat,,.inin_ methylnadic anh,¢dride,

an EM 207 F/asticizer, and a benzyld_mcthyl analhe catalyst.
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m_ i, r rll ii J i

A. SOLID, LIQUID AND VAPOR UNDER EQUILIBRIUM CONDITIONS

'LV
VAPOR _ ,'7"'..

_.__
Solid_ ,_ z._ _ SolidV_

(I) WETTING, O<qb ° (Z) NON -WETTING, @>90 °

B. SYMBOLS

¥-_ surface energy (ergs/cm 2)

for liquids; surface tension (dynes/cm)

Subscripts

S, L, V - _olid, liquid, vapor

--.contact angle ber._.en solid=liquid and liquid=vapor
interfaces

S = spreadil_g coefficient; if S is positive, liquid will

spread over solid surface

W " work of adhesion; the energy required to separate

the lie, aid and solid at the interface

C, RELATIONSHIPS

)SL - YSV" YLVcos e (1)

SSL"Ysv"(VLv"YSL) (2)

for spreading; TSV > VL V + %L (3)

_' " Ysv+Yx.v"YsL (_)

or W = YLV (l*cos8) (_)

_ ttt tt! tt It _ ii

Figure 7.5, Surface Energy Relationsh._p Between Solid, Liquid

and Vapor Interfaccs from Sutton.
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TABLE IV, SUMMARY OF WETTING EXPERIMENTS WIYH B4C AND
VARIOUS METALS IN HYDROGEN ATMOSPHERE AND VACUUM

Contact Angle

Met al T e mp, Time H Z Vac u u m

Silver ll00°C 1 hr. O > 9(J° --

Coppe, ll00°C I hr. 8 > 90 ° >90 °

O
Gold il00 C 1 hr. e > 90 °

O O o

Nickel 1500 C I hr. 0 <" 90 80

Fernico "5" 1500°C I hr. 0 < 90 ° 80 °
m i

in HF. No reaction of the epoxy with HF was noted. The L3 C reinforced4

epoxy specimens were fitted with epoxy grips and then tested in an Lnstron

tensile tester with a chart speed of Z"/min and a cross head speed of . 0Z/min.

A ty?ical specimen before testing is shown in Figure Zg. & special testing

jig, Figure 30, t_as been developed previously (16). I_ has been designed to

keep specimens as aligned as possible in ordez to minimize specimen bending

which could exaggerate grip failure. The epoxy knobs are slipped into mating

grip depressions and the load applied.

Table V is a compilation of tensile data derived from four micro-

composites. As specimens were loaded and broken new grips were applied

until the specimen became too short to test. Many test,.i are obviously

premature grip failures or gross defects in the specimens. Condition of the

tests are recorded in the remarks column.

Specimen diameter was measured by averaging many readings through

a filar eyepiece at 40X. Representative specimens were mounted in epoxy

mounts, polished and photographed at Z00X in order to determine the volume

fraction of B C whiskers contain_J in the micro-composites with volume

fraction data determined by a point count method. Each composite contained

approximately 10% ly volume B4": whiskers. Figure 31 shows a cross-section

at ZOOX of a typical epoxT-B_/C composite.
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Figure 2.8. Whiskers Infiltratedwith PJ 122 Epoxy.

Stillin Glass Capillary Tube.

Figure 29. Typical B4C Epoxy Composite Tensile
Specimens.

• j

,. ,. . • J

"I
°, !

_4

Fig'are 30. Tensile Testing Jig (about 1/4 actual size).
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TABLE V. TENS1LE DATA OF B4C-REINFORCED PLASTIC SPECIMENS

gc ac

Breaking (Breaking (psi)

Run No. Load(Ibs) stress) psi (B4C) Remarks

60-37a_57-I 5.45 11 600 6Z, 00b Broke in grip' B_oke on loading

-Z -°- Broke in grip
-3 3. Z5 6,900 15,000
-4 4.9_ 7:450 Z0:500 Broke ixl grip

-5 4. ? 9,850 44, 500 Broke in grip

-6 7.05 14,ZOO 88,000 Broke in grip

60-37a-45-I Z.40 14,Z00 8g, 000 Broke in gripBroke on loading

-Z "'- Obvious delect (void)
-3 i.4 5,190 -'"

-4 4.95 Z0,000 146, 000 Broke in grip

-5 4.98 16,800 114,000 Broke in grip

-6 ,675 4,075 .-- Obvious defect (void)

-7 4. I Z4,700 193,000 Broke in grip

60-37Z -47 -I I.40 4, 0Z5 __. Obvious defect (tweezer dan_ag e)
-Z 3.Z75 9,450 40, 500 Broke in grip

-3 3.3Z 6,680 lZ, 800 Broke in grip

-4 6.Z I0,Z00 48, 000 Broke in grip

60-37a-57/35-1 I.Z5 7,500 Zl, 000 Broke in gripBroke on loading
--Z "'"

•O , Of = 3trength of composite and fibers respectively. (Composite contains
c approximately 10% whiskers)

Note: All whiskers utilized in above composites were shorter than all test
g_uge lengths,
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Figure 31. Cross-Section of Typical Epoxy-B4C Composite (200X).
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S_ecimens of P5 IZZ epoxy were also made as a control. These

specimens were also tested in tension and an average value of 6000 psi was

measured for this particular batch. (A value of o = 6000 psi was thus usedrr

in subsequent calculations for determining the a_erage stress in the B4C

whiskers, af)

The effective strengthening parameter a : was calculated by utilizing
q..

a law of mixture relationship developed by 3ech and Weeton (14) which states

that the t.ntal strength of the con_posite o is a combination of the rriatrix
C

strength (am) times its volume fraction plus the whisker stregth I_) times

its volume fraction (Oc= Om Fvrn + Of Frf ). It can ,tlso be seen from this

relationship that the strength due to fibers in a composite is primarily

dependent on the strength and volume fraction of the whisker phase, and is

independent of the matrix material, provided that the matrix can SUl_port a

shear stress equivalent to the tensile load on the fiber and that the matrix is

able to transfer the tensfle load from fiber to fiber. An example of the low

shear stresses involved can be derived from the work of Sutton (16) et al on

silver-AIzO 3 whisker composites where reinforced silver was stressed to

8?, 000 psi at 1600°F, silver at those temperatures has ar_ intrinsic tensile

strength o_ near 1,00_ psi. The highest average stress supported by B4C

whiskers occurred in test No. 60-37a-43-7 and was calculated to be 193,000

psi. Thus far all vshisk:rs grown during a run were used in a resuiting com-

posite with no attempt made to select wh_kers according to any criteria

which cou!d r_.axim_ze results, i.e., favorable I/d ratio, small diar_eter,

_rnooth crystals w_thout obvi, us overgrowth, etc_ Therefore the average

strengths measured thus far are not ivdicative of what is to be expected in

future work. These initial attempts zLre primar4]y designed to learn techniques

which can be use_ to produce smaU testabla composites, with further work

oriented toward maximizing strengthening b/using a more Judicial choice of

whiskers.
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IV. CONCLUSIONS

I. Boron carbide B4C, ".vhiskers have successfully beer produced,

which is the first synthesis of this material to be reported in whiskers form.

Z. Cont£aued improvedment in the growth of B4C whiskers has

been accomplished. The average length of the whi_k_r_ has been steadily

increased throughout the contract period so that now whiskers as long as Z cm

have been grown.

- i_g ' '

quantity can be grown routinely.

4. Thus far, o[ the various growth methods tried, the technique of

vaporization and subsequent condensation of buik B4C has been the best means

of producing whiskers of useable size and length.

5. The successful growth of significant quantities of B4C whiskers

of adequate length has enabled the mechanical properties phase of the program

to advance steadily. The Young's m._dulus of B4C has been determined as

approximately 65 x 106 psi.

6. Many of the whiskers are tapered. The significance of the taper

on the measured strength of the whisker was assessed theoretically.

7. A theoretical study was made of an apparent modulus chang.- _s

a function of tensile specimen length. Limitations on the testing ol micro-

samples were defined.

8. Material characterization studies has kept pace with growth

and mechanical properties studies, Growth habits have been determined,

surface studies of individual whiskers have been made and the equilibrium

shapes of whisher cross-sections have been hypothesized.

9. Wetting experiments in hydrogen and vacuum have shown that

'Fernico 5' to be a promising n,etal matrix material for B4C - metal com-

posite studies.

I0, Preliminary experiments with epe--y-based composites has shown

that some strengthening has taken place, and that I0_/0 whiskers has resulted

in strengths which are from times that of the unreinforced epoxy. Averag,_

stresses up to 193j 000 psi have been calculated as being supported by the B4C

whiskers in the composite specimens.
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APPENDIX A

EFFECT OF GRIP DEFORMATION ON

MEASURED MODULUS

_ Specimen

j_ - ,

Anvils

Consider a specimen glued in place on the flat specimen anvils subjected to

a load P. The average shear stress in the plastic is given by

P
T =

1£-_o) (e-d)

He:,-.e is some unknown oistance in the plastic throughout which a shear

stress exists.

The average shear strain is

4
e-d

Substituting into the linear relation T : GpF , we have

p A

(-'.-/.o)(e-d) P e -d

where Gp --.shear modulus of plastic
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Then the deflection in the plastic will be

P
A

(4,-.to) Gp

The total specimen deflection is given by

o P
6 = -- +

T AE F (t -_o)Gp

where E F = Youn_'s modulus of fiber

The apparent measured modulus E_., is

Pt
O

EF* =_ A K

"_""T

P_
O

[Po P 1A I_ + (_-_o)CL
Then

1

EF* = _F AE Fl+

(6 -£o)_oGp

We note that iithe shear modulus of the plastic is Lufinite(no deformation),

E*=E .
F F

We do no_ know the shear modulus of the plastic. Furthermore,

equation (IA) is inexact because itdoes not account for the peaking of shear
E i

stresses at the free ends. Consequently, the constant --- was chosen to
Gp

best fitthe data. The modulus E was assumed to l,_70 x 106 psi.

5Z

......"" am" _ _ "! "I"
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APPENDIX B

EFFECT OF WHISKER TAPER ON APPARENT

ELASTIC MODULUS

CASE I. WHISKER TAI_ERED IN WIDTH DIMENSION ONLY

Consider a whisker with the following free (unbonded) geon,etry

I

O

_b --_h

The deflection of th:_ whisker under a load is given by

a

I'--
p 2Tan@ dy

,3 = 2Eh Tan8 y

a-2_2 TanO
o

Z Tan0

Integrating, we find

P a5- h" (IB)
2Eh Tan_} a-Zt Ta'n'-_"

0

For 8 = 0, this expression should reduce to the stan_mrd elementary equation

6- P---A-_
AE

However, for 0 = 0, 6 becomes indeterminate°

_3
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To flad the li_, we apply LIHospltal1s Rule.

'" a

P o _- P o

-0-'0 :- 0-0 o

Therefore, in the

8. __._.go
ahI_ =

avhich is the elementary equation.

C_E_ W!_KER-TAPF_RED I_ BOTH WIDTH AND THICKNESS

; _ We assu_ we have a whisker in the shape of frustrum of a prism

and a cro_s-secti_n of a p_rallelol_&m, The taper _gle _ is the sam,..
>

Then __

C,

&

6 "= -=-- _-' " 28 _- 2=:,_ s- 4hTa y
-, a-.Zg _Tan@

0
i im ill

2TanS:

Pa _ .,:
,------ .......... (2B)

8 = Eh aZ-2a_. Tau0•J .

• ; 2

_:_ F,_r i = O, this expression _-educeo to the ele_ez_tary equatto_a

• lb = ------

2",_ - " . f

modulus).. The _lue ,..willdepe_d upon where the _eea is evaluated.

0 _

] 96500368 ] -059



A. AREA EVALUATED AT _/_ID-POINT

Case I.
* Z_ Tan0

E o

E a
(a-_ ° Tan@) In --a-Z:,. Tan_

o

Case R.
2

* a - 2a_ Ta.n8
E o
E

(a- _ Tan_) 2o

B. AREA EVALUATED AT MAXIMUM VALUE

Case IL -=

E: a
E a-2_ Tan8

O

C. AREA EVALUATED AT MINIMUM VALUE

Case IL

E* a-2_ ° Tan(}

E* -

A plot of -_- vs a/b is shown in Fi_:re B-1 for a whisker of the

fo)lowing typical dimensions

= 0.059"
O

a = 4.13 x |.0 -4''
--4 I!

b = 3.31x I0

For thi_ £igure, it may be concluded that moderately tapered whiskers
a

( _ < I. 25) do not change the measured, elastic modulus by a large a_ount.

J
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APPENDIX C

EXPERIMENTAL TECHNIQUI_S

The fellowing experimental techniques have been found to be useful _

the characterization of B4C whiskers. These techniques can of course he

extended to many other small fibers.

I. X-RAY DIFFRACTION

I. Special specimen preparation techniques were developed to handle

the small crystals (c.a. I0, diameter, 100p length) for x-ray diffraction

analysis. It was found that very suitable 'rat-tail' specimens could be pro-

duced by rolling out or kneading a drop of Duco cement in which many whiskers

had been embedded. The whiskers were picked up in the drop of cement by

manipulating the drop over the inner surface of the tube on which the whi_kers

had been produced. The specimens so formed were examined in a cylindrical,

powder x-ray camera.

Z. The following method was found to be very satisfactory for handling

and subsequently examining the short B4C whisker sections (less than 0.5 mm

long) which rernained on the tensile tester grips. The short whisker fragments

which were cemented onto the fused silica tensile grips with sym-diphenyl

carbizide were first removed from tne grips in an acetone bath. The fiber

sections thuv removed from the grips were then further washed in clean acetone

and placed on a clean gl_ss microscope slide. A small quantity of petrole_,m

jelly was then placed or, the tip of a fine (about 0.5 mm diameter) pyrex glass

rod. The whisker section was csreful!y retrieved on the end of the glass rod

tipped with petroleium jelly. The whisker was then rnanipulated so that its

axis was roughly parallel to the glass rod. The glass rod and whisker com-

bination was then positioned on the goniometer of a single crystal x-ray

diffraction camera. The whisker was next properly oriented o_ the goniometer

and finally photographed. All manipulations of the fiber during mounting were

found to be best carried out under a low power binocular microscope.
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_. ELECTRON DIFFRACTION {TRANSMISSION)

Specimens were very simply prepared by placing a standard copper

electron microscope specimen screen, which had previously been coated with

a commercial adhesive#_, in co=tact with the surface upon which the whiskers

had grown. Quantities of suitably thin (c.a. 1000X thick) whiskers were

collected in this manne= and examined in an Hit.achiHU-i i electron microscope

by means of selected Rrea diffraction (a transmission diffractiontechnique).

111. ELECTRON MT_CROSCOPY (REPLICATION OF WHISKER SURFACES)

A method for preparing surface replicas of fine B4C w_hislcers - with

cross sectional areas ranging between about 5_ 2 to 500_ 2 w_,s developed.

Th_ specimen preparation method is a8 followr, o A thin layer of cellulose

a_cetate in aceton_ is spread uni_orznly on the inner face of the bottom piston

of a conventiona_ metallozraphic si_eclmen _mbedding die. The whisker{s)

of :interest is positioned in the cent¢_r of the plston0 the die is filled wi_h

bakelite powder, assembled, pressured and heated in the manner which is

_Jtandard _ met'allographic techniques. The ceUulose acetate layer serves to

hold the fiber{s) in position as well as to act as a cushion for the fiber(s)

during pressing. After presf_ing and Cooling, the die is opened and the specimen

"_ernoved. The layer of cellulose acetate which is found to adhere to the

bakelite mount may either be stripped mechanicaUy or removed with acetone.

The fiber(e)will then be found to be embedded in the bakelite with one face

available for replication. A primary replica of the exposed face may then

be prep_rod by any of the well known methods of replica preparation, e.g.,

cellulose acetate in _ceton_.

_For example_ the adhesive which may be obtahaed from Ernest F. Fullam,

!_ac., Schenectady, N. Y. may be used.
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